The human genome contains many repeated DNA sequences that vary in complexity of repeating unit from a single nucleotide to a whole gene. The repeat sequences can be widely dispersed or in simple tandem arrays. Arrays of up to 5 or 6 nt are known as simple tandem repeats, and these are widely dispersed and highly polymorphic. Members of one group of the simple tandem repeats, the trinucleotide repeats, can undergo an increase in copy number by a process of dynamic mutation. Dynamic mutations of the CCG trinucleotide give rise to one group of fragile sites on human chromosomes, the rare folate-sensitive group. One member of this group, the fragile X (FRAXA) is responsible for the most common familial form of mental retardation. Another member of the group FRAXE is responsible for a rarer mild form of mental retardation. Similar mutations of AGC repeats give rise to a number of neurological disorders. The expanded repeats are unstable between generations and somatically. The intergenerational instability gives rise to unusual patterns of inheritance-particularly anticipation, the increasing severity and/or earlier age of onset of the disorder in successive generations. Dynamic mutations have been found only in the human species, and possible reasons for this are considered. The mechanism of dynamic mutation is discussed, and a number of observations of simple tandem repeat mutation that could assist in understanding this phenomenon are commented on.
repeat sequences can be widely dispersed or in simple tandem arrays. Arrays of up to 5 or 6 nt are known as simple tandem repeats, and these are widely dispersed and highly polymorphic. Members of one group of the simple tandem repeats, the trinucleotide repeats, can undergo an increase in copy number by a process of dynamic mutation. Dynamic mutations of the CCG trinucleotide give rise to one group of fragile sites on human chromosomes, the rare folate-sensitive group. One member of this group, the fragile X (FRAXA) is responsible for the most common familial form of mental retardation. Another member of the group FRAXE is responsible for a rarer mild form of mental retardation. Similar mutations of AGC repeats give rise to a number of neurological disorders. The expanded repeats are unstable between generations and somatically. The intergenerational instability gives rise to unusual patterns of inheritance-particularly anticipation, the increasing severity and/or earlier age of onset of the disorder in successive generations. Dynamic mutations have been found only in the human species, and possible reasons for this are considered. The mechanism of dynamic mutation is discussed, and a number of observations of simple tandem repeat mutation that could assist in understanding this phenomenon are commented on.
The human genome contains many nucleotide sequences that occur repeatedly. These repeat sequences vary in complexity from complete genes (such as the ribosomal RNA genes) down to simple sequences of one or a few base pairs. The physical organization of repeat sequences can vary from widely dispersed copies of a relatively long, complex sequence to tandem arrays of simple sequence composition. Among the simplest and most common repeats are the dinucleotide repeats, primarily having the bases AC on one DNA strand and GT on the other. There are other such simple tandem repeats (STRs), which involve mono-, tri-, tetra-, and pentanucleotide repeating units.
Many STR repeat sequences are polymorphic in copy number in human populations. These are therefore a rich source of DNA polymorphisms that have been exploited widely for studies of the human genome. Many of the STRs have imperfections in the repeating unit and, in general, the degree of instability of such repeats is directly related to the length of perfect repeat (1) . No definite function has yet been ascribed to STRs although sequence-specific DNA-binding proteins have been identified for the di-and trinucleotide repeats (2) , and one of the repeats can act as a preferential site of nucleosome assembly in vitro (3) .
One feature of the trinucleotide STRs is their ability to undergo dynamic mutation. Dynamic mutation (4) is a process of change in genetic material that can occur over several generations. It is distinguished from conventional (or static) mutational events by a number of properties: (i) The product of a dynamic mutation has a different risk of undergoing further change than the original DNA sequence.
(ii) The probability of dynamic mutation of an STR is a function of the number of perfect repeating units. (iii) The dynamic mutation of a DNA-repeat sequence from being a harmless copy-number polymorphism to a disease causing unstable DNA sequence is a process typically involving multiple (sometimes small) changes and is thus not a single event.
There are only two trinucleotide repeats (of the possible 10) that have been demonstrated to undergo dynamic mutation resulting in genetic disease. These are CCG and AGC repeats. (We designate STR sequences in the 5'-3' direction of the DNA molecule and in alphabetical order. This minimizes the number of apparent STR sequences-without this designation a single trinucleotide unit can be written up to six different ways.) The CCG repeats are responsible for one group of fragile sites on chromosomes and can expand to very high copy numbers, in excess of 1000 copies. The AGC repeats are involved in a number of neurological disorders. They can also expand to high-copy numbers when in the untranslated region of a gene (as in myotonic dystrophy) but are mostly in coding regions where their copy number is usually <100. This review will discuss the trinucleotide expansions leading to disease, examine the situation in other species, and look at other changes to STRs that might shed some light on the significance of these repeats and the mechanisms by which they expand and give rise to disease.
Fragile Sites
The first genetic disease reported in association with the dynamic mutation of an STR was fragile X syndrome, the most common form of familial mental retardation (5, 6) . This disease is due to the dynamic mutation of a CCG trinucleotide repeat in the 5'-untranslated region of the FMRI gene (7) (8) (9) . This repeat is polymorphic with normal X chromosomes, having from 6 to -50 copies of the repeat, typically with one or two imperfections within the sequence (10-13). At a length above '50 copies the repeat has a readily observable rate of dynamic mutation and can increase via a number of steps, each of higher probability, through a clinically innocuous premutation phase where the repeat increases up to -230 copies. From within the premutation range the copy number can increase within a single generation to >230 copies and become a full mutation (14) -although the chance of such large expansion depends upon copy number such that carriers of high copynumber premutations are more likely to have affected children (5, 15) . In a full mutation the CpG residues in the repeat itself and in an adjacent CpG island (which is part of the promoter region of the FMR1 gene) become methylated (6) . full mutation have features of fragile X syndrome, but the degree of intellectual handicap is less severe than that of males with this disorder (17) .
The FMR1 gene encodes an RNAbinding protein (18, 19) that is widely expressed in embryonic life and postnatally is strongly expressed in testis, uterus, and brain. Differential RNA splicing produces a number of different forms of the protein in different tissues. Why FMR1 genes with full mutations become methylated and cease to express FMR1 protein and how lack of this protein causes fragile X syndrome is unclear. A mouse model of fragile X syndrome has been created by knockout of the FMRI gene, and the mice have phenotypic features consistent with human fragile X syndrome (20) .
There are several requirements for the cytogenetic expression of the fragile site at the CCG repeat. These requirements include expansion of the repeat, methylation of its CpG residues, and culture of cells in medium relatively deficient in thymidine or deoxycytidine. It remains a mystery why the fragile site is rarely expressed in >'50% of metaphases (and frequently in a much lower proportion), and it is also unclear why a relative deficiency of thymidine has an effect on a DNA sequence devoid of this base. It may be that the effect is due to nucleotide pool imbalances with the low level of thymidine producing a low level of guanosine (21) . It is also unclear what the fragile site is at the molecular level. It represents DNA that is not packaged for mitosis, but it is not known whether this is due to under-replication, to a change in local protein-binding properties, or to some other factor.
The timing of amplification of the CCG repeat from its premutation size to a full mutation is unclear. In fragile X syndrome, males only transmit premutations in sperm (22) , and these never amplify to full mutations postzygotically. The transition from pre to full mutation only occurs on female transmission of the sequence, but it is unclear whether this is a pre-or postzygotic event. It has been argued that this is a postzygotic event but that germline precursor cells are in some way protected from repeat expansion (23) . Certainly the full mutation can be modified postzygotically, and many individuals with full mutations have different numbers of copies of the repeat in different cells within a single tissue (revealed as multiple bands or smears on Southern blot). The accumulated evidence suggests that somatic instability is limited to a short period very early in development (23) . If the female transmits only a premutation in her ovum and it expands to a full mutation postzygotically, some form of imprinting must be invoked because male-transmitted premutations do not undergo such a process. The pattern of expansion seen in extraembryonic tissues is very similar to that in embryonic tissue, although methylation of the CpG residues occurs later in development in the extraembryonic tissues. This result indicates either that there is some factor within the cells which determines that the pattern of differential expansion of the repeat within each tissue will be similar or that the expansion has occurred before separation of the embryonic and extraembryonic cell lineages. If this latter situation, which seems most likely, has occurred, it is difficult to see how the gonadal precursor cells could escape such amplification.
The likely mechanism of inheritance of fragile X syndrome is that the change from pre to full mutation occurs during oogenesis, that the full mutation is transmitted via the ovum, and that length instability of full mutations occurs in the very early postzygotic cell divisions. Furthermore, in males the length of the repeat is reduced to or remains within the premutation range during spermatogenesis. This hypothesized mechanism of repeat expansion is consistent with what is known about the repeat sequence, and it does not require any imprinting mechanism to be invoked. Meiosis is a very different process in the two sexes, and these differences may be adequate to explain the different behaviors of the same sequence in these very different environments. Transmission of the autosomal fragile site FRA16A exhibits an important distinction from FRAXXA in that stable transmission of the FRA16A full mutation by males is observed (24) . The behavior of dynamic mutations of AGC repeats in other diseases appears to differ at meiosis in the two sexes (see below).
The properties of the fragile X dynamic mutation explain its unusual inheritance pattern. Males have been observed to only transmit premutations, and these do not usually change much in size. Hence all the daughters of male premutation carriers have a premutation about the same size as that of their father, but they never have full mutations or, consequently, features of fragile X syndrome. Sherman (25, 26, 86) delineated the paradox which bears her name-that the mothers and daughters of males with premutations have very different risks of having children with fragile X syndrome. This was inexplicable in terms of static mutation and classical genetics. It is now known that these two groups of women are at different stages of progression of the dynamic mutation. The mothers of the males with premutations have, on average, smaller premutations than the daughters of these males. The premutation usually increases in size when transmitted from the mothers to their sons but then goes relatively unchanged to the daughters. Because the risk of a premutation changing to a full mutation on transmission by a woman is a function of its size, the paradox is explained (5, 15).
All full mutations observed have arisen from a carrier of a premutation. The transition from normal copy number to full mutation has never been recorded.
Three other folate-sensitive fragile sites (FRAXE, FRAXF, and FRA41A) have been characterized (24, 27, and 28) and are all dynamic mutations of polymorphic (CCG) trinucleotide repeats with very similar properties to the fragile X repeat. The genes (if any) associated with these fragile sites have not been identified. FRAXE appears to be associated with a mild form of mental retardation (29, 30) . FRAXE is without phenotypic effect (28) . FRAJ6A is also without phenotypic effect in heterozygotes; homozygotes have not been recorded. It is of interest that FRA16A is in a region of the genome not normally subject to CpG methylation, yet the expanded repeat in those who express the fragile site is methylated. It had earlier been argued (31) that the FRAXA mutation was due to failure to erase the DNA methylation imprint that occurred as part of normal X chromosome inactivation. The studies on FRA16A indicate that the mutation mechanism involved in this process is not preceded by DNA methylation; instead, methylation is a consequence of the repeat expansion.
The fragile X mutation was shown to be in linkage disequilibrium with flanking DNA polymorphisms (haplotypes) (32) . In classical terms, the identification of such "founder chromosomes" would indicate that the change from wild type to mutant was a very rare event and that the mutant chromosomes with the same haplotypes were all descended from a single mutational event. In terms of the mechanism of dynamic mutation the explanation could be that over-represented haplotypes are at greater risk of undergoing dynamic mutation. Investigation of this phenomenon by haplotype sequencing has shown most of the variation in CCG repeat length is at the 3' end (with respect to transcription) of the sequence (i.e., it is polar). These observations were made possible because of occasional imperfections in the CCG motif occurring mainly toward the 5' end of the repeat. The haplotypes that are over-represented among fragile X chromosomes, have, in their nonmutant state, longer stretches of perfect repeat, either because of their overall length or because they appear to have lost an imperfection in their repeat (10) (11) (12) (13) . A similar loss of repeat interruption has been found to be associated with increased instability of certain alleles of the FRA16A CCG repeat (33) .
AGC Repeats
A group of human neurological disorders has been found to be due to dynamic mutation of the AGC trinucleotide repeat. In one of these disorders, myotonic dys-trophy, the mutation is in the 3'-untranslated region of the myotonin gene on chromosome 19 (34 (38) .
An explanation, at least in part, for the congenital cases being the offspring of female mutation carriers lies in a difference in the behavior of the repeat during meiosis in the two sexes (39, 40 Proc. Natl. Acad ScL USA 92 (1995) SCA. SCA1 has been characterized and found to consist of an unstable AGC repeat. The mutation causing an apparently distinct form of autosomal dominant ataxia, Machado Joseph disease, is also due to an unstable AGC repeat (54) . This locus maps at the same 14q chromosomal region as SCA3, and it will be of interest to see whether both of these disorders are due to mutation in the same gene. A family exhibiting a dentatorubral pallidoluysian atrophy-like phenotype also maps to 14q24.3-qter, suggesting that clinical heterogeneity may extend even further (48) , although the normally accepted statistical evidence of this map position was not achieved. Finally Haw River syndrome, which is characterized by ataxia, chorea, seizures, and dementia in a fivegeneration African-American family, has recently been shown to be associated with the same AGC repeat instability in the gene at 12p12-pter that causes dentatorubral pallidoluysian atrophy in the Japanese. Either the genetic background in which these mutations occur or polymorphisms in the coding regions of the disease-causing genes are responsible for the apparently distinct phenotypes. DNAbased tests offer a means of differential diagnosis in the SCAs. The cloning of the additional SCA loci is therefore eagerly awaited. Oddly enough, although the Machado Joseph disease gene was found to be a member of a multigene family, none of the other members of this family were found to map to any of the other known SCA loci (54).
Animal Models
There are no known animal equivalents of the human dynamic mutations of trinucleotide repeats. The mouse homologues of each of the human genes containing an unstable repeat are notable for their shorter length repeat and lower polymorphism. The mouse Huntington disease gene homologue encodes only seven glutamines in an interrupted (CAG)2CAA-(CAG)4 repeat that is not polymorphic (62) . Similarly the mouse ataxin homologue (Scal) has only two CAG repeats, which suggests that the polyglutamine tract is not essential for the normal function of this protein (63) . The apparent lack of unstable repeats in animal genomes and the greater stability of repeats at homologous loci could suggest that the mechanism of dynamic mutation may largely be restricted to the human genome. However, little is likely to be known about late-onset diseases in animal populations. On the assumption that intracellular metabolism varies little between species, the late-onset dynamic mutation diseases of humans may not have time to manifest in species with substantially shorter lifespans.
There may be, however, nonhuman examples of repeat sequence changes associated with phenotypic effect. The nonobese diabetic (NOD) mouse has the number of copies of glutamine (the AGC repeat again!) in the N-terminal region of interleukin 2 increased from 8 to 12. It is unclear whether this is simply a strain difference in a sequence that would be polymorphic in outbred populations or is related to the disease process. There are other differences between the interleukin 2 gene in the NOD and nondiabetic strains (64) that could also have accounted for the NOD phenotype.
The sex-determining gene (Sry) of the mouse contains an AGC repeat that codes for polyglutamine. Differences in the number of glutamine residues (over the range [11] [12] [13] are associated with different degrees of sex reversal when introduced into different genetic backgrounds (65) . Whether these differences in repeat number are the cause of the sex reversal or are markers for other differences in the Sry gene remain to be elucidated (66) .
Adaptive Mutation
Several years ago Cairns and Foster (67) , in what became a controversial study, demonstrated that bacteria that were unable to digest lactose preferentially acquired mutations to enable them to become lactose utilizers. The molecular basis for this phenomenon was found to be a distinct form of mutation. The majority of mutations that appeared during selection by nutritional stress were due to 1-base deletions in runs of iterated bases. This mechanism has been referred to as adaptive mutation and is thought to function through polymerase errors that persist as a result of a deficiency in mismatch repair (68, 69) . The similarity with the basis for mutations associated with hereditary nonpolyposis colon cancer (HNPCC) is striking (see below). Recently it has been noted that a proportion of mutations in the Cl inhibitor gene cluster at a short trinucleotide-repeat sequence (70) . This sequence contains three direct repeats of the triplet CAA, and a similar slipped mismatchrepair mechanism has been proposed to account for the observed mutations in this repeat sequence. A common pathway of mutation may well be responsible for each of these observations (in HNPCC, dynamic mutation, and adaptive mutation). It could be hypothesized that cells that contain intragenic repeats which can be subjected to this mutational mechanism have a selective advantage in circumstances where mutation is required to allow for or enhance survival. In other words the burden of susceptibility to disease-producing mutation is offset by the ability to undergo adaptive mutation under conditions of environmental stress.
Mutational Mechanisms
The molecular mechanism of simple repeatsequence instability is complex and may differ in detail from one repeat to the next; however, recent observations of this form of instability have started to shed some light on common aspects of the process and therefore on its molecular basis. In tumor tissue from patients with HNPCC there is instability of many of the STRs with the presence of novel alleles resulting from increases and decreases in copy number (71) (72) (73) . This instability is "genomewide" and is evident when the copy number of repeat sequences in malignant tissue is compared with that of normal tissue in affected individuals. HNPCC loci were mapped genetically to chromosomes 2 and 3 (74, 75) . At about this time it was also found that mutations in yeast MLH1 and MSH2 genes (homologues of the bacterial mutL or mutS genes that are normally involved in mismatch repair) severely affect instability of repeat sequences (76) . By positional cloning, the HNPCC gene on chromosome 2 was found to be hMSH2, the human homologue of mutS (77, 78) . With this information (and in one instance cDNA data-base searches) it was possible to pinpoint the chromosome 3 HNPCC gene as hMLH1, the human homologue of mutL (79, 80) . Whether this form of mutation has specific repeat sequence-containing targets (associated with the transformation process) or whether a higher general rate of mutation results in the nonspecific activation of oncogenes and/or inactivation of tumor suppressors is not yet clear. One implication of these findings is that it is the various components of mismatch repair that are key trans-acting factors in the dynamic mutation process. The HNPCC mutations allow normal flaws in the replication of simple tandem-repeat sequences to manifest as changes in repeat copy number through failure to repair slippage-induced mismatch. One of the unusual aspects of the HNPCC mutations is their apparent tissue specificity (81) . Tissue-specific repeat instability is also exhibited by the myotonic dystrophy (82) and Huntington disease (83) loci. In both cases the target tissues for these disorders exhibit increased repeat copy number compared with other tissues.
In addition to the trans-acting factors associated with simple repeat sequence instability, the observation of founder chromosome effects is strong evidence that the repeat sequences themselves (or sequences closely linked to them) play a cis-acting role in the mutation process. For the AC dinucleotide repeats the instability of these sequences (manifest as copy-number polymorphism) is proportional to their perfect repeat length (1) . At the SCAI locus the unstable longer copynumber repeats (associated with the dis-ease phenotype) exhibit loss of repeatsequence interruption (84) . Similar findings at the FRAXA (10-13) and FRA16A (33) loci suggest that this is a common determinant of repeat-sequence instability.
A simple slip-sliding mechanism of repeat-copy-number mutation can account for the cis and trans components of the mutation process and the very rapid increase in expansion that occurs when the repeat length exceeds that of an Okazaki fragment (85) . Such a fragment, when completely contained within the repeat, could become an unanchored primer for extended polymerization, resulting in the massive increases in copy number associated with the fragile sites and the myotonic dystrophy expanded repeat.
Conclusions
The study of DNA repeat sequences, especially in humans, has in recent years provided a rich source of polymorphisms for linkage studies, a means of individual identification, and various approaches to loss-of-gene function in tumors. Furthermore, a group of human diseases has been shown to result from a dynamic mutation mechanism that was previously unknown. Dynamic mutation has been found to have a fundamental role in human genetics, accounting for what appeared to be nonMendelian patterns of inheritance. Understanding the molecular basis of repeatsequence instability will hopefully enable rational intervention in the process to overcome dysfunction. We 
